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 Background: Without any system that is able to identify the malfunction, causes, 
impacts and detection method as well as the the cost occurred from quality problem, 
such maintenance activity plan would fail in deciding which maintenance activity is 
accurate and has the ability to anticipate surrounding problem, product quality, and 
ultimately, the cost occurred from quality problem. Objective: This research that took 
case study in PPP company are aimed to (1) decide accurate maintenance activity for 
centrifugal pump components which concern about the causes and effects of such 
failures, (2) to decide optimum maintenance interval, and (3) to analyze the system 
improvement after applying the combination of Reliability Centered Maintenance II 
and FMEA Method Based On Fuzzy Cost Estimation methods. Results: The research 
reveals the priority item that its characteristic should become a reference of the whole 
centrifugal pump maintenance, based on its highest RPI score. The result of this 
research shows the maintenance requirement activities to handle failures from 
equipment. Futhermore, the implementation of methods proposed in this research gives 
improvement of down time which decreases to 17 percent and saves the maintenance 
cost by 20.5 percent. Conclusion: In order to have good maintenance system, it should 
be designed with the reliability-assurance-oriented approach with failure cost 
consideration. The combination of Reliability Centered Maintenance II and FMEA 
Method Based on Fuzzy Cost Estimation methods could fulfill those needs. 
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INTRODUCTION 
 
Among important aspects that support the smooth running of a production system is reliabitity of machines 
as well as equipments. In order to have good maintenance system, the system that is able to identify the 
malfunction, causes, impacts and detection method as well as risk is needed. Furthermore, that system is 
expected to be able to decide which maintenance activity is accurate and has the ability to anticipate surrounding 
problem, operator safety, product quality, tools availability, and ultimately, the cost occurred from quality 
problem.  
PPP company is a process industry in oil and gas sector, which the system is largely driven by automatic 
machines. The centrifugal pump is a rotating equipment which function is to supply oil from tank and transport 
the oil into container cars which distribute the oil to gas stations. This machine has high sensitivity to 
malfunction, due to heavy workload. Centrifugal pump has a vital function in oil production, so that the down 
time of centrifugal pump will stop the entire production flow. 
The existing maintenance method applied by PPP company is a combination of 6 monthly maintenance and 
a run to failure method, where a run to failure method is conducted whenever the failure occurred, while 6 
monthly maintenance are decided through roughly estimated histories. With this method, interval time and fixed 
maintenance date set by maintenance department does not imply the reality, so that the downtime are still high 
due to failure of the machine, hence maintenance process are quite often disturb the production process because 
they are conducted in productive time and could stop the production flow. The company potential lost in this 
case are include the downtime and the maintenance cost.  
The objectives of this research are: (Smith, A.M., G.R. Hoinchcliffe, 2004) to decide accurate maintenance 
activity for centrifugal pump components which concerns about the causes and effects of such failures, 
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(Dyadem Engineering Corporation, 2003) to decide optimum maintenance interval, and (Kay, Meng Tay et al. 
2006) to analyze the system improvement after applying the combination of Reliability Centered Maintenance II 
and FMEA Method Based On Fuzzy Cost Estimation methods. 
 
Reliability Centered Maintenance Ii Method: 
Reliability-centered maintenance is a process used to determine - systematically and scientifically – the 
maintenance requirements of any physical asset in its operating context. The RCM process entails several 
aspects to be considered, as follows: 
1. the functions and associated performance standards of the asset in its present operating context 
2. how it fails to fulfil its functions 
3. the causes of each functional failures 
4. the effects of each functional failures 
5. the procedures to predict or prevent each failure 
In order to systematically gain the causes and effects of each functional failures, Failure Mode and Effect 
Analysis (FMEA) method is used in this research.  
Functional Blok Diagram is an important step in RCM II implementation. FBD is used to show the relation 
among the functions that build the working system.  
Quantitative calculation will help the analytical process in RCM II. This quantitative calculation need to be 
done to help determining or predicting the accurate time to do the maintenance. It starts with distribution test for 
failure interval and corrective interval, so that the distribution parameter can be obtained.The optimum interval 
time between two maintenance activities should be conducted is called Time Maintenance (TM). TM is 
calculated with the consideration of maintenance cost, corrective / fixing cost, and the value of interval time.  
After entire RCM II procedures are done, interval and maintenance activities can be determined. In order to 
get optimum maintenance interval, the pump system should have a thorough final inspection. Maintenance 
interval could be derived from time maintenance score. 
 
Fmea With Fuzzy Cost Estimation: 
FMEA is a systematically method for identifying and preventing the occurrence of potential failures in the 
product design, product and production process. FMEA to consider not only the operating context of the 
equipment but also the equipment’s function, functional failure and the consequences of a failure to ensure tasks 
are technically feasible and worth doing. FMEA uses RPN (Risk Priority Numbers) to prioritize failure modes. 
Failure modes are any errors or defects in a process, design, or item, especially those that affect the customer, 
and can be potential or actual. Effects analysis refers to studying the consequences of those failures. 
 
Step 1: Occurrence: 
In this step it is necessary to look at the cause of a failure mode and the number of times it occurs. This can 
be done by looking at similar products or processes and the failure modes that have been documented for them. 
Examples of causes are: erroneous algorithms, excessive voltage or improper operating conditions. A failure 
mode is given an occurrence ranking (O), again 1–10. Actions need to be determined if the occurrence is high 
(meaning > 4 for non-safety failure modes and > 1 when the severity-number from step 1 is 1 or 0). This step is 
called the detailed development section of the FMEA process. 
 
 
 
 
Fig. 1: Steps taken in FMEA method 
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Table 1: Occurrence Ranks 
Rating Meaning 
1 No known occurrences on similar products or processes 
2/3 Low (relatively few failures) 
4/5/6 Moderate (occasional failures) 
7/8 High (repeated failures) 
9/10 Very high (failure is almost inevitable) 
 
Step 2: Severity: 
Determine all failure modes based on the functional requirements and their effects. Hereafter the ultimate 
effect of each failure mode needs to be considered. A failure effect is defined as the result of a failure mode on 
the function of the system as perceived by the user. Examples of failure effects are: degraded performance, noise 
or even injury to a user. Each effect is given a severity number (S) from 1 (no danger) to 10 (critical). If the 
sensitivity of an effect has a number 9 or 10, actions are considered to change the design by eliminating the 
failure mode, if possible, or protecting the user from the effect. A severity rating of 9 or 10 is generally reserved 
for those effects which would cause injury to a user or otherwise result in litigation. 
 
Step 3: Detection: 
When appropriate actions are determined, it is necessary to test their efficiency. In addition, design 
verification is needed. The proper inspection methods need to be chosen. Hereafter one should identify testing, 
analysis, monitoring and other techniques that can be or have been used on similar systems to detect failures. 
The assigned detection number measures the risk that the failure will escape detection. A high detection number 
indicates that the chances are high that the failure will escape detection, or in other words, that the chances of 
detection are low. 
 
Table 2: Severity Ranks 
Rating Meaning 
1 No effect 
2 Very minor (only noticed by discriminating customer) 
3 Minor (affects very little of the system) 
4/5/6 Moderate (most customers are annoyed) 
7/8 High (causes a loss of primary function) 
9/10 Very high and hazardous (customers angered) 
 
Table 3: Detection Ranks 
Rating Meaning 
1 Certain - fault will be caught on test 
2 Almost Certain 
3 High 
4/5/6 Moderate 
7/8 Low 
9/10 Fault will be passed to customer undetected 
 
Risk priority number (RPN): 
After ranking the severity, occurrence and detectability the RPN can be easily calculated by multiplying 
these three numbers: 
 
RPN = S × O × D             (1) 
 
Where   S= severity 
O=occurence 
D= detectability 
 
However, despite the abundant use of FMEA, this method is faced with several restrictions. Firstly, 
determining the accurate probability of failure is not an easy task. Many of the information in these are ordinal. 
Secondly, all FMEA indicators (occurrence, severity, detection) are considered have the same weight, which in 
reality, it highly depends on the company’s condition. Thirdly, sometimes the people judgment in FMEA 
method between scores isn’t clear. For example a person may considers a severity score 5 for some failure 
mode, while other points 6 or 7. Finally, FMEA method fails to consider the influence of failure costs as well as 
profits.  
 Since the traditional FMEA uses ordinal numbers to rank the severity, occurrence, and detection of failure 
modes, it cannot provide an estimation of the cost due to failure since the cost of a failure mode ranked 10 is not 
always ten times of a failure mode ranked 1. Since the ultimate goal of FMEA is to reduce the cost due to 
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failure, the cost due to failure modes should be the objective for decision-making. The expected cost E(C) due to 
a failure mode can be expressed as: 
 
E(C) = CfmPfm(1− Pd)                       (2)  
 
where Cfm is the cost due to a failure mode, pfm is the probability of this failure mode and pd is the 
probability that this failure will be detected. 
Since the severity, occurrence and detection of a failure mode determines the failure cost, they can be 
regarded as cost drivers in the utility theory (UT). Utility theory is an attempt to infer subjective value, or utility, 
from choices. In this case, each cost driver is ranked from 1 to 10. Cost values are converted into utility values 
by dividing the cost value of the highest level for each cost driver, i.e.[1] 
 
E(C) = CfmPfm(1− Pd)                       (3) 
 
where Cfm is the cost due to a failure mode, pfm is the probability of this failure mode and pd is the 
probability that this failure will be detected. 
Since the severity, occurrence and detection of a failure mode determines the failure cost, they can be 
regarded as cost drivers in the utility theory (UT). Utility theory is an attempt to infer subjective value, or utility, 
from choices. In this case, each cost driver is ranked from 1 to 10. Cost values are converted into utility values 
by dividing the cost value of the highest level for each cost driver, i.e.[1] 
  
                       (4) 
 
In FUT, the utility values are expressed by membership functions instead of real numbers. Consider 
severity, it is ranked from 1 to 10. The cost value for level i given by engineer j is denoted as Csij, i = 1...10, j = 
1...n, where n is the number of engineers. 
 
                                       (5) 
  
After this transformation, utility values are between 0 and 1. The cost and utility values for detection can be 
derived in the same approach as severity. The evaluation of occurrence is different from that of severity and 
detection, since the probability of failure is given, as shown in Table I. These probability values are converted to 
the utility values as: 
  
                                           (6) 
 
where po is the probability that a failure mode occurs. After this conversion, the utility values for 
occurrence are between 0 and 1. In FUT method the resulting RPI is fuzzy and is expressed by the membership 
function instead of a general utility value as: 
 
                        (7) 
 
In this paper, triangular membership functions are used. For a triangular membership function, the 
minimum and maximum utility values given by the engineers form the two bottom points, and the average of the 
utility values form the top point 
 
Functional Blok Diagram: 
The Functional Block Diagram for PPP company shows that centrifugal pump system play vital role as a 
rotating equipment that transports or flows the material from one place to another, from the beginning to an end 
of a production system. The pump system consists of induction motor and centrifugal pump. The use of 
centrifugal pump in PPP company are based on price consideration, easier operating system, and the fulfillment 
of rotating equipment needs. 
The amount of centrifugal pump used in PPP company are 22 units. Those pumps have parallel 
connections, based on the kind of oil products that produced. 
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Fig. 2: Functional Block Diagram of PPP Company Installation System 
 
Fmea of Centrifugal Pump of Ppp Company: 
From technical point of view, the failures of the centrifugal pump system could come from 2 causes: 
external factor which are electrical voltage, vibration and pump installation; and internal factor whicah are the 
operation process of the pump itself that has been disturbed because of its flow instability of material flow.   
Based on the failure effects analysis, there are three overall effects that can disturb the operational proccess. 
The first one is the failure of pump, which cause overall stop of operational process. The second one is the 
failure that does not entirely stop the operational proccess, but could lower the performance of the finished 
product. And the last one is the failure of equipment that does not affect the operational process but has 
implication on the safety of the operational process.  
Although the most frequent failure mode is leaking, but based on the RPN calculation on each potential 
failures of oil installation system, table 4 below shows that conventional FMEA method gives the same highest 
RPN for the two failure modes: on bearing and on seal. With Fuzzy cost-based FMEA model, the cost value will 
be involved in calculation, and weights will be assigned to each indicator.  
 
Table 4: FMEA Sheet of Centrifugal Pump of PPP company   
RCM II 
Worksheet 
Information 
System : Oil Processing 
Sub System : Centrifugal Pump 
Function of sub-system : Pump the oil   
ID 
Compo
nent  
Function 
Fanctional 
Failure 
Description Of Failure Failure Effect 
S O D 
RP
N 
Failure 
Mode 
Failure 
Mecha
nism 
Detectio
n Of 
Failure 
Local System 
Cor
p 
1 Seal  1 Prevent 
leaking 
through 
shaft  
A Leakin
g 
Leakin
g   
Leakin
g 
through 
seal 
Liquid 
dropping
, noise 
from 
shaft 
Wasted 
product  
Shaft is 
not 
workin
g 
properl
y  
Ma
terial and 
safety 
loss 
8 9 9 648 
2 Bearin
g   
1 To bear 
and 
hold 
load 
from 
shaft in 
order 
to spin 
A Wrong 
doing 
Worn 
out 
Shaft 
and 
Seal 
will be 
broken 
Vibratio
n and 
noise on 
pump  
Wrong 
doing 
Broken 
Seal   
Pro
duction 
stopped 
9 9 8 648 
3 Shaft 
sleeve 
1 Protect 
shaft 
from 
corrosi
on, 
anderos
ion on 
stuffing 
box  
A Eroded 
and 
corrode
d shaft 
Corode
d  
Corode
d shaft 
Wrong 
doing 
 
Shaft is 
not 
spinnin
g 
properl
y 
 
Decrea
sing 
pump 
power 
Los
t time 
5 5 8 200 
4 Vane 1 flow 
the 
liquid 
in 
impelle
r 
A  Not 
able to 
flow 
oil 
Worn 
out 
Decrea
sing 
push 
power 
of 
pump 
Decreasi
ng pump 
capacity 
Decrea
sing 
impelle
r 
presure 
Decrea
sing 
product  
Pro
duction 
stopped 
9 4 6 216 
 
 
Oil 
Tanker 
Ship  
Transfer 
Pump 
Oil tank 
vehicle 
Meter oil Storage 
Tank 
Filter 
Motor 
Induction 
Filter 
Transfer 
Pump 
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Table 5: Cost Value 
Rank Severity Detection 
1 450000 350000 
2 500000 400000 
3 550000 450000 
4 600000 500000 
5 650000 550000 
6 700000 600000 
7 750000 650000 
8 800000 700000 
9 850000 750000 
10 900000 800000 
  
Table 6: Ranking and Utilities Values 
Failure mode severity occurrence detection 
rank Us Rank Uo Rank Ud 
Leaking seal  8 .84 9 .93 9 .92 
Worn out bearing 9 .98 9 .93 8 .82 
Coroded shaft  5 .64 5 .53 8 .82 
Worn out vane 9 .98 4 .43 6 .62 
 
As in part of the conventional FMEA limitations mentioned before, one of the major critics is that FMEA 
allocate the same weight to each indicator of RPN. Now in order to cope with the problem, this research uses 
AHP process to obtain more reliable result, as it is seen in Table 7. From the questionnaires distributed among 
the employees in PPP, they assigned different weight for each indicator. They valued that severity take the 
highest priority among other two indicators. 
 
Table 7: Assigned Weights 
INDICATOR WEIGHT 
SEVERITY 0.576 
OCCURRENCE 0.253 
DETECTION 0.171 
 
In this research, triangular membership functions are used. For a triangular membership function, the 
minimum and maximum utility values form the two bottom points, and the average of the utility values form the 
top point. 
The membership function for the RPI needs to be defuzzified to obtain the RPI value. COM method is used 
in this research. In the COM method, the average of the minimum utility value and the maximum utility value is 
considered to be the expected RPI.  
After finding related weights to each RPN indicator, the RPI can be defined using the following equation. 
 
                         (8) 
 
Table 8: Risk Priority Index 
FAILURE MODE RPI 
Leaking seal 0.506 
Worn out bearing 0.749 
Coroded shaft  0.212 
Worn out vane 0.198 
 
Quantitative calculation will help the analytical process in RCM II. This quantitative calculation need to be 
done to help determining or predicting the accurate time to do the maintenance. It starts with distribution test for 
failure interval and corrective interval, so that the distribution parameter can be obtained. 
 
Table 9: MTTF, MTTR and TM of Centrifugal Pump PPP company (days) 
Components Type of failure MTTF  MTTR TM 
Stuffing Box Leaking 240 0,55 225 
Packing Leaking 240 0,76 225 
Shaft   Corroded 3850 1,13 3650 
Shaft sleeve worn out 1850 1,54 1798 
Vane worn out 3850 2,01 3650 
Casing Leaking 3850 1,52 3650 
Eye of Impeller worn out 3756 2,82 3650 
Impeller worn out 3850 2,01 3650 
Wearing Ring worn out 2734 2,90 2403 
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Bearing   worn out 2734 3,55 2403 
Suction Nozzle Leaking 210 0,33 155 
Discharge Nozzle Leaking 210 0,33 155 
Seal Leaking 2734 3,76 2403 
Seal Flush Line Leaking 210 1,12 155 
 
The optimum interval time between two maintenance activities should be conducted is called Time 
Maintenance (TM). TM is calculated with the consideration of maintenance cost, corrective / fixing cost, and the 
value of interval time. Besides those factors, because of some centrifugal pump components are sealed with the 
pump casing, the breakdown time of the casing should be put into consideration. It explains why some of the 
components have the same maintenance interval. The TM of centrifugal pump thus should be based on the TM 
of the part with highest RPI score.  
The implementation of methods proposed in this research could gives improvement of PPP production line, 
which decrease the down time by 17 percent and saves the maintenance cost by 20.5 percent. 
 
Conclusion: 
1. Based on  RPI ( Risk Priority Imdex) calculation, item with highest score of failure mode and effect is 
Bearing, therefore the accurate maintenance actiity should be based on characteristic of this item, which has 
2403 hours of time maintenance. 
2. The maintenance requirement to handle failures from equipment are as follows: 
a). Scheduled on condition task 
b). Scheduled discard task 
c). Scheduled Restoration task 
d). default / combination of task 
e). Preparing right amount of priority parts needed to be replaced 
 
3. By implementing good maintenance system that examine the cause and effect of equipment failures, the 
down time caused by maintenance activity and cost occurred from quality problem could be optimally 
decreased.   
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